Improvement of Quality of Life With Nocturnal
Oxygen Therapy in Heart Failure Patients With Central Sleep Apnea index (ODI) of ≥5 dips/h, (4) at least 5 episodes of apnea and hypopnea per hour of sleep, of which more than 50% were central in nature at screening test. 20 Exclusion criteria were: predominant OSA, pregnancy, unstable angina, myocardial infarction within the previous 3 months, and significant renal, neurological or respiratory disease. The study protocol was approved by the institutional ethics review board and written informed consent was given by all patients prior to entry.
Study Design, Intervention and Procedures
Each patient underwent routine clinical assessment, including radiologic, electrocardiographic and echocardiographic studies, and measurement of plasma neuropeptides. Physical activity was determined from the Specific Activity Scale questionnaire. 21 Polysomnography (PSG) or polygraphic recordings of cardiorespiratory parameters and percutaneous arterial oxygen saturation (SpO2) was performed. The investigators sent a fax the coordinating center when they enrolled a new patient and randomization was performed according to the method of minimization by 6 factors (laboratory, age, sex, Specific Activity Scale, ODI and LVEF); each patient was assigned to receive oxygen at a rate of 3 L/min through a nasal cannula 19 (HOT group) or to allow usual breathing for 52 weeks (control group). Oxygen was delivered via a 92% concentrator (TO-90-3N, Teijin Pharma Ltd, Tokyo, Japan). The patients assigned to the HOT group were instructed to use nasal oxygen for at least 4 h/night. Compliance was monitored by the patients' reports and the inbuilt concentrator tachometer (TOMS ® , Teijin Pharma Ltd). Outpatient visits were scheduled every 4 weeks during which physical findings, NYHA functional class, the Specific Activity Scale questionnaire, and adverse events were assessed. At weeks of 12, 24 and 52, evaluation included electrocardiography, echocardiography, chest X-ray, plasma neuropeptides, sleep study, and arterial blood gas analysis. Measurements of plasma neuropeptides were also repeated at weeks 4 and 36.
The patients were followed up to for 52 weeks or until the primary endpoints occurred. The outcome was assessed Oxygen saturation improved and AHI and CAI were reduced in the HOT group, whereas these parameters remained unchanged in the control group. Mean ± SD.
primarily by the combined rate of cardiac death, hospitalization because of worsening HF and a decrease in the Specific Activity Scale by ≥1 Mets. The cardiac events were regularly reviewed under blindness to the assignation of patients by the Endpoint Classification Committee.
SDB Indicators
The patients who met the inclusion criteria were monitored by PSG or if that was not available, by a cardiorespiratory monitoring device (Morphase ® [Somté], Compumedics Ltd, Victoria, Australia). Oronasal signals detected by thermistor were used as the respiratory sensors, thoracic and abdominal effort was measured by 2 belt sensors. SpO2 was recorded by digital pulse oximetry (sampling frequency of 1 s). Surface lead ECG was also monitored throughout the night. The respiratory event detection and oximetry analysis were performed manually.
The oximeter signal quality of the cardiorespiratory monitoring device was proved to be valid in comparison with PSG. 20, 21 Apnea was defined as the absence of tidal volume for ≥10s, and hypopnea as a reduction of ≥50% in tidal volume from baseline for ≥10 s with oxygen desaturation of 3% from baseline. 22 Standard definitions were used for OSA and CSA on the basis of the presence or absence of rib cage and abdominal excursions with an absence of airflow. 22 The ODI was the number of times per hour that the oxyhemoglobin saturation fell by 4% and the apnea-hypopnea index (AHI) was defined as the number of apneas and hypopneas per hour during the time in bed.
The arterial blood gas analysis was performed in the daytime after resting for at least 30 min to assess the arterial partial pressure of carbon dioxide (PaCO2).
Assessment of QOL
We used the Specific Activity Scale as a measure of QOL in which self perceived exercise tolerance is expressed by an energy cost spent in the maximal physical activity that the patient can perform. 23 The Specific Activity Scale allows expression of the extent of submaximal physical activity. We actually measured the metabolic costs of various types of physical activity by hooking subjects up to a mask to measure oxygen consumption and the volume of carbon dioxide exhaled. Then we prepared questionnaires about specific physical activities that a patient would perform either customarily or sporadically in daily life and each patient was asked to specify whether he/she could perform each type of activity without symptomatic limitation. Summarizing the questionnaire data, a given number of metabolic costs (Specific Activity Scale) were derived for each patient with regard to the self-perceived exercise tolerance. As a clear linear correlation was observed between Specific Activity Scale and peak oxygen consumption, 23 the Specific Activity Scale was considered to reliably predict exercise capacity.
Ventricular Function
LVEF was followed up using 2-dimensional (D) echocardiography at rest during the daytime while patients were awake. The left ventricular (LV) end-diastolic and end-sys- tolic volumes were determined according to a modification of Simpson's method. LVEF was calculated as end-diastolic minus end-systolic volume divided by end-diastolic volume.
Plasma Concentration of Neuropeptides
Venous blood samples were drawn through an indwelling catheter in the forearm of each patient after they had lain quietly and undisturbed for at least 30 min. Plasma was immediately separated and stored at -70°C before the norepinephrine (NE) concentrations were determined by highperformance liquid chromatography electrochemical detection. Plasma atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) was determined by the chemiluminescent enzyme immunoassay.
Statistical Analysis
All statistical analyses were performed with SAS ® version 9.1 (Cary, NC, USA). Results are mean ± standard deviation (SD), unless otherwise indicated. The calculated sample size was based on assumption of 1-year cumulative incidence rates of 80% in the control group and a hazard ratio of 0.43. The cumulative incidence rates of the cardiac event were calculated by the Kaplan-Meier method in each group and compared by log-rank test. The hazard ratio was estimated by Cox's regression. For the Specific Activity Scale, repeated measures analysis of variance (ANOVA) with 2 factors (group and time) was applied. Changes in NYHA functional class were tested by Mann-Whitney U test. For the other parameters, analyses of covariance using a baseline value as a covariate were used to compare the difference between the control and HOT groups in response at the end of study. Paired t-tests were used to compare withingroup data. Missing values were imputed using the LastObservation-Carried-Forward approach without the data of the discontinuation, hence in the Specific Activity Scale; missing values were imputed with the mean value to just before discontinuation. A value of P<0.05 was considered statistically significant.
Results

Patient Characteristics
A total of 52 patients were enrolled from 19 centers: 26 were randomly assigned to treatment with HOT and the remaining 26 maintained normal breathing with conventional therapy. One patient in the control group dropped out before the start of the trial because of withdrawal of the consent. Accordingly, 26 patients in the HOT group and 25 patients in the control group were finally assessed.
The baseline characteristics of the patients are shown in Table 1 . There were no significant differences between the groups with respect to any of the listed parameters. ODI and AHI were also similar in both groups. The mean treatment hours per night with oxygen were 8.15±1.86 h (range: 4.20-12.05 h). Thus, compliance with HOT did not appear to be disturbed by the procedure.
Effects of Supplemental Oxygen at Night on SDB
In the HOT group, supplemental oxygen for 52 weeks significantly improved SDB, AHI being reduced from 19.05± 12.29 to 8.98±8.43events/h (P<0.001). Although suppression of OSA was not observed, CAI and HI were significantly decreased from 9.44±8.59 to 3.54±5.40 events/h (P= 0.002) and from 7.76±3.62 to 1.08±1.39 events/h (P<0.001), respectively. ODI was significantly reduced from 20.47±9.88 to 5.16±4.50 dips/h (P<0.001) associated with an increase in mean SpO2 from 95.1±1.8 to 98.1±0.9% (P<0.001) (Figure 1) . These values remained unchanged in the control group. The differences between the HOT and the control groups were highly significant ( Table 2) . Figure 2 shows the change of PaCO2 from baseline to the end of the study (52 weeks) in the HOT and control Figure 3 shows the time course of the Specific Activity Scale. There was no significant difference at baseline between the 2 groups (3.94±1.18 vs 3.98±1.08, P=0.903). Analysis of covariance using the baseline values as covariates revealed a significant overall improvement in the HOT group compared with the control group (P=0.009). The difference in the Specific Activity Scale between baseline (3.94±1.18 Mets) and 52 weeks (4.75±1.59 Mets) was significant in the HOT group (P=0.002) consistent with a treatment-related increase in daily physical activity. In contrast, the difference in the control group (3.98±1.08 to 3.87±1.24) was not statistically significant.
Changes in the Specific Activity Scale
Changes in NYHA Functional Class
In the HOT group, NYHA functional class improved Figure 4 . In the home oxygen therapy (HOT) group, the ratio of patients with an improvement in New York Heart Association functional class from baseline to the end of the study was significantly higher as compared with the control group (P=0.007 by Mann-Whitney U test). %. . Kaplan-Meier estimations of cumulative incidence rates of cardiac events in the 2 groups. There was no statistical difference (hazard ratio for cardiac event, 0.78; P=0.619 by log-rank test) in the cumulative incidence rates of cardiac events between the home oxygen therapy (HOT) and control groups. more (41.7%), and worsened less (12.5%), whereas in the control group, NYHA functional class improved less (only 4.3%) and worsened more (26.1%). The difference between the 2 groups was highly significant (P=0.007) (Figure 4 ).
Changes in LV Function
LVEF increased significantly from baseline to the end of the study (from 33.04±8.91 to 38.49±15.46%, P=0.049) in the HOT group, but there was no change in the control group (from 31.75±7.59 to 33.02±11.16%) (Figure 5) . The changes in LVEF from baseline to 52 weeks were 5.45±11.94% in the HOT group, and 1.28±9.77% in the control group, but this difference did not reach statistical significance ( Table 2) .
Cardiac Events
During the 52-week study period, 1 patient died suddenly from arrhythmia and 7 were hospitalized for worsening HF in both groups. Continuous decrease in Specific Activity Scale was observed in 1 other patient in the control group. In the proportional hazards model, there was no difference in the cumulative incidence rate of cardiac events of the HOT group (38.3%) and the control group (40.4%) (hazard ratio for cardiac events 0.78; 95% confidence interval, 0.30-2.05; P=0.619 [log-rank test]). The lack of an event rate appears to be related to some unbalanced distribution in the severity of HF, though not statistically significant. The number of NYHA functional class III patients was 10 in the HOT group, and 5 in the control group, while Class II patients were 16 in the HOT group and 20 in the control group. Thus, more events were observed in the HOT group during the first 3 months, but this event rate was reversed after 3 months in favor of the HOT group (Figure 6 ).
Plasma BNP, ANP and NE Levels
After the 52-week oxygen therapy there were no obvious changes in the plasma NE, ANP, nor BNP levels in the blood samples obtained in the early morning after rest ( Table 2 ).
Discussion
Although small randomized trials of short duration have demonstrated that nocturnal oxygen improves sleep quality in patients with HF and CSA 14, 15, 18 associated with a reduction in nocturnal sympathetic activity, there is no consistent evidence that oxygen therapy produces an improvement in cardiac function, QOL or clinical outcome of these patients. 24 In addition, supplemental oxygen has been suggested to cause hyperoxia, which can have an adverse effect on myocardial function because of the generation of oxygen free radicals. 25, 26 We previously conducted a prospective study to elucidate the efficacy of 12 weeks of nocturnal oxygen therapy using a conventional oxygen concentrator on ventricular function, severity of HF, and QOL, together with an improvement in SDB, in ambulatory patients with stable CHF and CSR. 19 That study demonstrated that short-term treatment with nocturnal oxygen significantly improved NYHA functional class, Specific Activity Scale as a measure of QOL, and SDB in CHF patients with CSR-CSA; LVEF also increased from baseline to the end of the study. In the present study, we extended the follow-up period for 52 weeks and confirmed that long-term HOT was well tolerated and the benefit observed in the 12 week treatment was sustained over the longer period of time. Despite recent evidence that SDB has adverse effects on patients with CHF, only limited attention has been paid to it as a potential therapeutic target. Furthermore, there is no consensus as to the full range of indications for treatment of CSA; 27 there are many options for treatment of CSA, but only continuous positive airway pressure (CPAP) has been tested for survival. However, that trial was prematurely terminated because of increased early mortality of patients in the CPAP arm. 28 The failure of CPAP in improving outcome might be attributed to hemodynamic effects associated with an increase in intrathoracic pressure that could decrease venous return, adversely affecting right ventricular stroke volume, causing hypotension, decreased coronary blood flow, and myocardial ischemia. 29 In this regard, supplemental oxygen may not be associated with these adverse hemodynamic effects and could be more efficacious in improving prognosis.
In Western societies, the therapeutic goal of HF has been directed to reduce mortality; however, in Japan the severity of HF is relatively mild and mortality from heart disease is substantially lower. 30 Thereby QOL is considered more likely to be the primary goal of treatment. It has been shown that the prevalence of SDB is high, even in patients with milder symptomatic HF, because of LV systolic dysfunction. 31 QOL is substantially impaired by SDB, and HF patients with CSR-CSA have a worse QOL than those with CHF alone. 32 In Japanese studies of HF, the Specific Activity Scale is frequently used as a measure of QOL because it has been shown to reliably predict exercise capacity and physical activity in daily life. 23 The present study confirmed in the setting of a randomized trial that sustained treatment with nocturnal oxygen over 12 months produced a continuous rise in the Specific Activity Scale in patients with CHF and CSR-CSA, in conjunction with an improvement in sleep quality.
After the initial 12 week study, we carried out a questionnaire survey of physicians who participated in the previous study regarding the morbid events in those who continued HOT for more than 6 months. In those patients, frequencies per year of hospitalization and emergency visits were reduced to approximately one-fourth. Accordingly, cost savings of 51% were achieved, even including the cost of using the oxygen concentrator. 33 Although there were no differences in the overall event rates between the HOT and control groups in the present study, the lack of statistical significance for this comparison may reflect low study power rather than a lack of difference in the event rate between the groups. This is attributed to the small sample size and the greater proportion of patients with more severe HF (NYHA functional class III, 10 vs 5) and the smaller proportion of less severe HF patients (NYHA functional class II, 16 vs 20) in the treatment arm as compared with the control group, though this difference was not statistically significant. This disparity between groups caused divergence of the event rates in the first 3 months; more events occurred in the patients randomized to HOT than in the control group (5 vs 3), but the event rate was reversed after 3 months to favor the HOT group (3 vs 6).
As in the previous short-term study, nasal oxygen therapy failed to produce changes in plasma natriuretic peptides in the present study, presumably because of its modest effect on sleep apnea, the AHI being reduced only from 19 to 9. Staniforth et al also reported that oxygen had no effect on natriuretic peptides in either early morning serum or overnight urine. 18 Those authors postulated that the arousal stimulus in CSR is the large negative deflections in intra-thoracic pressure seen during periods of hyperpnea, rather than the mild degree of hypoxia associated with CSA. Although carbon dioxide improves CSR by reducing underdamping and offsetting the detrimental effects of periods of hypoxia on oxygen hyperresponsiveness, it cannot restore the underlying level of damping and controller gain back to normal and is unable to stabilize breathing sufficiently to reduce the number of arousals to below that critical level at which sleep architecture is normalized. The lack of changes in plasma NE levels in the present study may also be explained by the short half-life of catecholamines, not remaining elevated once disordered breathing has ceased. 18 The mechanisms by which CSA is reduced by oxygen are multifactorial. Hanley's group suggested that prolonged circulation time between the carotid body and the lung causes a delayed response of the arterial and central chemoreceptors to variations in the arterial partial pressure of both oxygen (PaO2) and carbon dioxide (PaCO2), which results in overshooting in both directions and causes CSA in HF. Thereby, administration of oxygen improves CSA, by increasing both oxygen stores and arterial oxygen saturation, through damping the respiratory control system, reducing controller sensitivity and increasing arterial PaCO2 above the apneic threshold. 14 Franklin et al reported on the basis of their observation of a large increase in PaO2 and only a small increase in PaCO2 during oxygen therapy that not only the increase in PaO2 but also an increase in PaCO2 eliminates apnea. 16 Javaheri described 3 major therapeutic effects of oxygen therapy. 34 (1) A rise in PaCO2 leading to a widening of the difference between the prevailing PaCO2 and the PaCO2 at the apneic threshold. When the difference between these 2 set points is wide, the occurrence of CSA is suppressed because a large ventilatory overshoot is necessitated to reduce PaCO2 below the apneic threshold. (2) Suppression of the ventilatory response to hypercapnia. It has been suggested that enhanced sensitivity to carbon dioxide predisposes to the development of CSA. Normally, the rate and depth of breathing are regulated by a negative-feedback system to maintain the PaCO2 within a narrow range throughout life. Therefore, the greater the sensitivity to carbon dioxide, the greater the ventilatory response and in some persons a large hyperventilatory response during sleep may lower the PaCO2 below the apneic threshold, resulting in CSA. Reducing the sensitivity to carbon dioxide and the ventilatory response to hypercapnia by oxygen improves CSA by reversing this process. (3) Increasing the body stores of oxygen may buffer oscillations in blood gases with each apnea. The dampening the respiratory control system minimizes the change in PaO2 for a given change in ventilation, making it more stable.
Although it has been widely accepted that CSA clearly has a negative effect on the clinical course of CHF, it remains uncertain whether CSR-CSA is an epiphenomenon of the failing heart or a major contributor to the poor outcomes of patients with CHF. 35 There is a growing body of evidence that intensive treatment for HF attenuates CSA. 10, [36] [37] [38] The data suggest that CSA is likely to be secondary to CHF and could be resolved by optimization of HF therapy. However, in other cases, successful treatment of HF has not been associated with an improvement in CSR-CSA. [39] [40] [41] In such patients, breathing control centers could be permanently damaged, and optimization of hemodynamics and cardiac function by effective therapies for HF appear to have no major effect on SDB, CSA remaining common in CHF patients despite advances in medical therapy. CSR-CSA does not appear to be a simple reflection of severely compromised cardiac function, 10 but exerts unique and independent pathologic effects on the failing myocardium. 42 Therefore, CSR-CSA may still represent a potential target of therapy for the persistently symptomatic patient on optimal medical therapy. 43 
